Multiple myeloma (MM), a malignancy of plasma cells, is the second most prevalent blood cancer (10%). A PubMed search has been conducted for English research papers and reviews published until January 2018. Numerous drugs are used in treatment of MM. These include the antineoplastic alkylating agents cyclophosphamide, busulfan and melphalan, immunomodulators such as lenalidomide and thalidomide, corticosteroids including dexamethasone, microtubule-targeting agents, such as paclitaxel and vinca alkaloids, as well as the proteasome inhibitors bortezomib and carfilzomib. Despite the considerable number of treatment options, MM is still difficult to treat, which is mirrored by the poor 10-year survival rate of 3%. Resistance to chemotherapy is often the cause for therapy failure. These resistances can be due to the overexpression of efflux pumps, genetic and epigenetic aberrations and the microenvironment of MM. With the gain of knowledge regarding genetic and molecular changes, many molecular targeted therapies including cell signaling targeted therapies are being developed against relapsed/refractory MM. Additionally, epigenetic aberrations such as DNA methylation and histone modifications steered MM management in new directions. Amongst these novel targeted therapies, inhibitors of histone deacetylase, Aurora kinase, inhibitors of the PI3K/AKT/mTOR pathway and cyclin dependent kinases are promising.
INTRODUCTION
Multiple myeloma (MM) is the second most prevalent hematological malignancy worldwide, with a median onset of 60 years. This incurable malignancy develops from an accumulation of terminally differentiated monoclonal plasma cells (PC) in the bone marrow. In the United States, the lifetime risk for MM is one in 143 (0.7%) [1] . Additionally, MM is associated with several severe impairments such as lytic bone lesions, osteoporosis, compression fractures, bone pain and patient immobility. Due to the amount of malignant monoclonal plasma cells, the immune system and the blood formation of patients are impaired [2] . The median overall survival of patients with newly diagnosed MM was 2.5-3 years [3] , but could be extended with new drugs such as proteasome inhibitors (PIs) to 4-5 years. Nevertheless, the 10-year survival rate is only 3% [4, 5] . A significant contributor to treatment failure leading to clinical relapse is the emergence of multi-drug resistance (MDR). MDR represents a phenomenon, whereby the cancer cells are resistant to a wide variety of structurally and functionally unrelated drugs following exposure to a single chemotherapeutic agent. Cancers can either are inherently untreatable or become resistant to a wide variety of anticancer drugs and their combinations [6] . Most MM patients respond successfully to initial induction therapy. However, all patients eventually relapse. Genetic research revealed that MM is a heterogeneous disease complicating treatment and demonstrating the need for individualized therapy options. Here, we provide an overview of the different classes of targets in MM and the factors that influence search for new drugs. We also discuss the influence of MDR on treatment of MM.
A PubMed search for "multiple myeloma" and "cancer" and "multidrug resistance" has been conducted for literature published until January 2018. The search was limited to English language documents where full text was available.
TREATMENT TARGETS IN MM

Targeting the proteasome
The ubiquitin-proteasome (UPS) pathway is the central non-lysosomal pathway for protein degradation in eukaryotic cells. The proteasome is a large, multi-subunit complex that is located in the cytosol and the nucleus. The proteasome controls degradation of intracellular proteins by the attachment of a polyubiquitin chain, followed by a rapid degradation into small peptides [7] . This process is essential for protein homeostasis. It affects key cellular processes such as intracellular protein processing and degradation, regulation of cell cycle progression, apoptosis, antigen presentation, and transcription [8] . The constitutive 26S proteasome consists of two outer 19S regulatory particles and an inner 20S core particle with two identical rings of seven α-subunits and two identical rings of seven β-subunits. The β-subunits recognize and unfold the ubiquitin-bound proteins for entry into the proteasome. The catalytically active subunits β1, β2, and β5 catalyze proteolysis. The remnants of protein degradation can either be used for presentation on major histocompatibility complex (MHC) class I molecules on the cell surface to initiate an immune response or be recycled for protein synthesis [9, 10] . The disruption of proteasome activity leads to rapid accumulation of toxic regulatory proteins that activate the unfolded protein response (UPR), thereby blocking protein translation and initiating alternative degradation pathways. If the cellular stress cannot be overcome by UPR, cells commit apoptosis [11] . Another kind of proteasome is the immunoproteasome. The immunoproteasome is a unique target found in lymphoid-derived cells. The use of specific immunoproteasome inhibitors could preserve efficacy while reducing toxicities [12] . But until now, no specific inhibitors are on the market [13] .
The activity of the proteasome is upregulated in MM resulting in excessive degradation of specific substrates of relevance, including the tumor suppressor p53 and the inhibitor of nuclear factor-κB (NF-κB), IκB. Tumor progression is driven by oncogenic transformation, the upregulation of pro-inflammatory cytokine signaling via tumor necrosis factor-alpha (TNFα) and interleukin-6 (IL-6). Cell adhesion is favored through the ICAM-1 and VCAM-1 molecules. Other pathways included are anti-apoptotic signaling via Bcl-2, IAP, and TRAIL and proangiogenic signaling via VEGF and GRO-α. MM cells are rapidly proliferating. PIs target one or more subunits of the 20S proteasome. These agents have different chemical warheads and different inhibitory properties. Bortezomib (BTZ) was the first PI, approved in 2008, with a peptide boronic acid warhead. It is a slowly reversible inhibitor of the β5 catalytic subunit. BTZ is approved for administration via intravenous bolus or subcutaneous injection. Next generation PIs were developed to enhance the bioavailability, achieve reduced toxicity and to overcome resistance. Carfilzomib (CFZ) is a peptide epoxyketone that irreversibly inhibits the β5 site [14] . The third approved proteasome inhibitor, ixazomib, is also the first orally administered agent. Ixazomib prolonged progression-free survival in a study comparing ixazomib-lenalidomide-dexamethasone (IRd) with placebo-lenalidomide-dexamethasone [15] . Another study proved that oncology patients prefer oral treatment compared to the intravenous route, suggesting another advantage for ixazomib [16] . A new oral proteasome inhibitor is oprozomib, which is currently under investigation [17] . Likewise carfilzomib, it is an irreversible peptide epoxyketone. The investigational agent marizomib, a marine natural product, acts via irreversible inhibition of multiple catalytic sites within the 20S core [18] [19] [20] . The clinical development of proteasome inhibitors is increasing. The treatment with PIs significantly prolonged patient lifetime [21] .
Targeting signal transduction pathways
PI3K/AKT/mTOR signaling pathway
The PI3K/AKT/mTOR pathway is an intracellular signaling route regulating the cell cycle. Phosphatidylinositol 3-kinase (PI3K), AKT (a serine/threonine kinase also known as PKB), and mammalian target of rapamycin (mTOR) are three major junctions in this pathway and are typically activated by upstream signaling of tyrosine kinases and other receptor molecules such as hormones and other mitogenic factors. It is a gatekeeper for tumor growth. It is activated because of loss of function of tumor suppressor genes. Moreover, the PI3K/AKT/mTOR pathway mediates cytokine-induced MM cell proliferation, survival and development of drug resistance [22, 23] . The activation of PI3K leads to the recruitment of serine-threonine kinase AKT to the cell membrane to catalyze their function. This enables the phosphorylation of multiple downstream targets including mTOR, which in turn regulates protein synthesis and translation [24] . Many studies focus on mTOR inhibitors and their role in MM treatment. mTOR is a serine-threonine protein kinase that belongs to the PI3K-related kinase family. It plays a central role in regulating critical cellular processes such as growth, proliferation, cytoskeletal organization, transcription, protein synthesis and ribosomal biogenesis [25] . mTOR exists as two separate complexes, TORC1 and TORC2. The most established mTOR inhibitors are rapalogues such as rapamycin. They primarily inhibit TORC1, but TORC2 is actually a key activator of AKT. This started the quest to find inhibitors that inhibit both complexes [26] . CCI-779 (temsirolimus) is an analogue of rapamycin, which showed anti-MM activity in vitro and in vivo. CCI-779 showed efficacy in a clinical phase II study of MM and demonstrated synergy in combination with lenalidomide in vitro. A phase I trial of lenalidomide in combination with CCI-779 in patients with relapsed MM revealed more adverse events than expected, and the pharmacokinetic analysis suggested a drug-drug interaction [27] . In 2014, Yee et al. [28] published data of a phase I clinical trial with lenalidomide and everolimus in relapsed or refractory MM. The combination of both drugs was well tolerated and showed responses in a heavily pretreated population.
AKT plays an integral role in MM pathogenesis, progression and resistance to standard treatments. Many upstream signaling pathways converge on AKT to mediate pro-survival signaling and in turn AKT suppresses apoptosis. Many AKT inhibitors are in preclinical and clinical development. Afuresertib, an oral AKT inhibitor showed a favorable safety profile and demonstrated clinical activity against MM [29] . A phase I study tested a combination of the MEK inhibitor trametinib with the AKT inhibitor afuresertib in patients with solid tumors and MM. However, clinically meaningful doses could not be achieved [30] . A phase II study of trametinib and the AKT inhibitor GSK2141795 in relapsed or refractory MM evaluated the antitumor activity of trametinib determined by overall response rate (ORR) [31] . A phase II trial investigated the AKT inhibitor AZD5363 in a targeted therapy directed by genetic testing in MM patients [32] . ONC201 is an orally bioavailable first-in-class small molecule. There is an ongoing phase I/II open-label study of ONC201, administered orally once every week, in combination with dexamethasone to patients with relapsed/ refractory MM. The end of the study is estimated for March 2020 [33] . A multi-center phase I/II clinical trial of the oral AKT inhibitor perifosine in combination with BTZ ± dexamethasone has demonstrated encouraging activity in heavily pretreated BTZ-exposed relapsed/refractory MM patients [34] . Acquired resistance to PI3K-mTOR inhibition was observed in patients with advanced renal cell cancer. Resistant cells over-expressed mTORC1 component RAPTOR at the mRNA and protein level. RAPTOR upregulation contributes to PI3K-mTOR inhibitor resistance, and suggests that RAPTOR expression should be included in the pharmacodynamic assessment of mTOR kinase inhibitor trials [35] .
Ras/Raf/MEK/Erk signaling pathway
The Ras/Raf/MEK/extracellular signal regulated kinase (Erk) signaling pathway is an important mediator for cellular survival, proliferation, angiogenesis and migration. Ras protein subfamilies play a key role for cellular signal transduction. Approximately 30% of malignancies involve Ras proto-oncogene mutations. Ras mutations may be present in 23%-54% at diagnosis, but they increase to 45%-81% in relapsed or refractory cases [36] . The Ras mutation is associated with a more aggressive phenotype and shorter survival. The Ras/MAPK signaling pathway is characterized by the mammalian MAPK signal transduction networks consisting of the Ras protein, the Raf kinase (Map3K), the MAP2K kinases (MEK1 and MEK2) and pathway distil kinases Erk1 and Erk2. Genetic changes are also associated with MM. For example, the t (4; 14) translocation results in overexpression of fibroblast growth factor receptor 3, and further stimulates the Ras/MAPK pathway [37, 38] . Numerous efforts have been made to target this pathway. Sorafenib, an orally available compound that predominantly acts by inhibition of Raf kinase and VEGF receptor 2 inhibits MM proliferation. It also upregulates AKT phosphorylation. In vitro studies showed synergistic effects of sorafenib in combination with rapamycin to inhibit mTOR [39, 40] . A phase II trial assessed the activity and tolerability of sorafenib in patients with refractory or relapsed MM. All patients discontinued the treatment protocol. The overall survival at 12 months was 50% and median progression-free survival was 1.2 months. Further research should focus on combination therapies of sorafenib with standard treatments [41] . A phase I study was undertaken to define the toxicity and the maximum tolerated doses (MTD) of the combination of sorafenib and BTZ in patients with advanced solid tumors. The combination showed preliminary signs of efficacy, supporting phase II studies [42] . AZD6244 (selumetinib) is a potent MEK inhibitor that has demonstrated high activity in both in vitro and in vivo tumor models, and it was found to target both MM cells and osteoclasts in the bone marrow-derived macrophages (BMM) [43, 44] . However, a phase II study used to determine the response rate of AZD6244 in patients with relapsed or refractory MM found that AZD6244 alone was tolerable and showed minimal activity [45] . It was suggested that AZD6244 can re-sensitize cells with acquired resistance to lenalidomide and pomalidomide in combination with dexamethasone, thus further suggesting that combination therapies with MEK inhibitors could enhance the efficacy of current MM therapies [44] .
JAK/STAT signaling pathway
The Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway was originally discovered in the context of α-interferon (IFN-α), γ-interferon (IFN-γ), and interleukin 6 (IL-6) mediated downstream signaling. Activated JAK regulates cell proliferation, differentiation, migration, and apoptosis [46] . One explanation could be the silencing of the JAK/STAT suppressor genes, through the hypermethylation of SHP-1 and SOCS-1. An in vitro experiment correlated the repressed expression of SHP-1 and SHP-2 with a better response to the induction therapy [47] . Several approaches have been proposed to target this signaling pathway. For instance, the JAK2 inhibitor TG101209 induced dose-and time-dependent cytotoxicity in a variety of MM cell lines by inhibiting cell cycle progression and inducing apoptosis in MM cell lines and patients' derived plasma cells [48] . Ruxolitinib, a tyrosine kinase inhibitor, TM-233, a novel analogue of 1' -acetoxychavicol acetate, and cantharidin induced cell death in in vitro models of MM [49] [50] [51] . The gold compound auranofin induced apoptosis of human MM cells through both down-regulation of STAT3 and inhibition of NF-κB activity [52] . R115777, a non-peptidomimetic farnesyl transferase inhibitor, induced apoptosis and the phosphorylation of both STAT3 and ERK1/2 was blocked [53] . INCB16562 was developed as a novel, selective, and orally bioavailable small-molecule inhibitor of JAK1 and JAK2 decidedly selective over JAK3. Treatment of MM cells with INCB16562 potently inhibited IL-6-induced phosphorylation of STAT3 [54] . Lycorine, a natural alkaloid found in different Amaryllidaceae, like the cultivated bush lily (Clivia miniata), inhibited cellular viability and induced cell death in MM cell lines. It arrested the cell cycle in the G0/G1 phase and inhibited JAK2/STAT signaling through upregulation of suppressor of cytokine signaling 1 (SOCS1). SOCS1 encodes a JAK-binding protein that regulates the JAK/STAT signal transduction pathway and is a key negative regulatory factor in MM, thus attenuating cytokine-initiated signal transduction [55] . IL-6, which was previously mentioned as important factor acting in MM in the PI3K/AKT/mTOR and Ras/Raf/ MEK/Erk signalling pathways, also acts as a MM growth factor by stimulating IL-6 receptor (IL-6R) and triggers phosphorylation of STAT3 via JAK1. Inhibition of the IL-6R/STAT3 pathway induced apoptosis of certain MM cell lines. For instance, the pan-JAK inhibitor, tetracyclic pyridine 6 (P6) induced growth arrest and subsequent apoptosis of IL-6-dependent MM-derived cell lines [56] . Atiprimod, a cationic amphiphilic compound with anti-inflammatory activity, inhibited proliferation of MM cell lines by inhibition of STAT3 [57] . An open-label study of the safety and efficacy of atiprimod treatment for patients with refractory or relapsed MM was completed, but no further results have been reported [58] . Attempts to target IL-6 in clinical studies were not as successful as expected [59] . A clinical trial with the anti-IL-6 monoclonal antibody siltuximab did not show any improvement in the complete response rate or long-term outcome of MM patients [60, 61] . One reason could be that binding of MM cells to bone marrow stromal cells (BMSCs) triggers survival even after inhibition of the IL-6/gp130/STAT3 pathway, suggesting that other growth mechanisms are involved. Cyclic adenosine monophosphate (cAMP) signaling induces the death of MM cells by down-regulating Mcl-1 via the JAK/STAT pathway. Remarkably, the addition of exogenous IL-6 did not prevent the inhibition of JAK1/STAT3 or MM cell death induced by cAMP [62] . 3-Formylchromone inhibited STAT3 phosphorylation and nuclear translocation in vitro [63] . The orally bioavailable JAK1/2 inhibitor CYT387 prevented IL-6-induced phosphorylation of STAT3 and greatly decreased IL-6-and insulin-like growth factor-1-induced phosphorylation of AKT and extracellular signal-regulated kinase in vitro [64] . Serenoa repens, a palm species, down-regulated phosphorylated STAT 3 and IL-6 induced phosphorylated STAT 3 and extracellular signalrelated kinase (ERK) in vitro [65] . In another in vitro study, the chalcone butein suppressed constitutive and inducible STAT3 activation and STAT3-regulated gene products through the induction of the protein tyrosine phosphatase SHP-1 [66] . Nifuroxazide inhibits the constitutive phosphorylation of STAT3 in MM cells by reducing JAK kinase autophosphorylation and down-regulated the STAT3 target gene MCL1 [67] . Tyrphostin/AG490 suppressed cell proliferation and induced apoptosis in IL-6-dependent MM cell lines. JAK2 kinase activity, ERK2 and STAT3 phosphorylation were inhibited [68] .
Wnt/β-catenin signaling pathway
The canonical Wnt signaling pathway relies on the stabilization of cytosolic β-catenin. In the absence of Wnt protein, β-catenin is phosphorylated by glycogen synthase kinase3b (GSK-3b) and casein kinase 1 and targeted for ubiquitination and degradation by the proteasome. The binding of Wnt to its receptor inhibits the activity of GSK-3b, resulting in the accumulation of β-catenin in the cytoplasm. If the concentration of β-catenin has reached a certain level, it translocates to the nucleus, where it regulates the expression of canonical Wnt target genes [69] . Signaling pathway participates in the pathogenesis of MM by regulating the differentiation, proliferation, apoptosis, and migration of MM cells [70] . β-Catenin is overexpressed in MM cells. The administration of recombined human programmed cell death 5 (rhPDCD5) promotes MM apoptosis induced by dexamethasone. The combination treatment of rhPDCD5 plus dexamethasone downregulated the mRNA and protein expressions of Wnt effectors including β-catenin, TCF4, survivin and c-Myc [71] . MM cells promote the development of osteolytic bone lesions by producing Wnt signaling inhibitors such as Dickkopf-1 (DKK1) to suppress the osteoblast differentiation [72, 73] . A single-arm, open-label, phase II clinical trial was conducted to evaluate the effect of BHQ880, anti-DKK1 neutralizing antibody in previously untreated patients with high-risk, smoldering MM (NCT01302886) [74] . Targeting Wnt signalling inhibits bone destruction and reduces tumour burden [75, 76] . Dysregulation of Wnt/β-catenin pathway has been observed in lenalidomide-resistant cells. β-catenin accumulation and its translocation to nucleus caused increased cell survival. It is thus presumed that disruption of E3 ubiquitin ligase complex functionality after intensive thalidomide treatment causes β-catenin accumulation even when Wnt is bound, thus causing overexpression of various pro-survival and anti-apoptotic factors that may be responsible for the thalidomide/lenalidomide resistance [77] . Cereblon forms an E3 ubiquitin ligase complex with damaged DNA binding protein 1 (DDB1), Cullin-4A (CUL4A), and regulator of cullins 1 (ROC1). This complex ubiquitinates a number of other proteins. Ubiquitination results in reduced levels of fibroblast growth factor 8 (FGF8) and fibroblast growth factor 10 (FGF10). Thalidomide binds strongly to cereblon, thereby interfering with the E3 ubiquitin ligase functions. Studies showed that cereblon is essential for the anti-myeloma activity of immunomodulatory drugs and that dysregulation of Wnt/β-catenin pathway may be one of the possible reasons of lenalidomide resistance. The CTNNB1 (rs4533622) polymorphism was found to be associated with disease activity (stage of the disease) in patients with MM [78] .
NF-kB signaling pathway
NF-κB is a transcription factor that is activated by the cytokines TNF-α, IL-1β, and CD40, as well as other chemokines and cell adhesion molecules. In MM cells, many genes that are targets of NF-κB are highly expressed. Until now, mutations in eleven genes involved in regulation of the NFkB pathway have been identified at least 17% of MM tumors. Translocations or amplification were found to increase transcription of five positive regulators, which include NIK and NFKB1 plus three TNFR (CD40, TACI, LTBR). In addition, there was one example of a translocation that deleted a negative regulatory region from NIK so that it was less susceptible to proteasomal degradation. The NF-κB signaling pathway is affected by both activating and inactivating mutations in genes, such as TNF-receptor-associated factor (TRAF 2/3) and NF-κB-inducing kinase, as regulators of the non-canonical NF-κB signaling pathway. These mutations have been identified in 20% of MM patients, resulting in activation of NF-κB signaling without ligands, and may contribute to the progression of the disease [79] . Agents that inhibit NF-κB could be used to enhance the effects of conventional chemotherapeutic agents. BTZ seems to inhibit NF-κB activation indirectly by blocking proteasome degradation of IκBα (nuclear factor of κ light polypeptide gene enhancer in B-cells inhibitor α) and decreasing NF-κB nuclear translocation. The combination of BTZ, thalidomide and dexamethasone in transplant eligible patients showed an overall survival of 73% after a median follow-up of 30 months [80] . Patients having MM tumors with a strong NF-kB signature or with low level of TRAF3 RNA showed better response to bortezomib [81] . Moreover, MM cells with low levels of TRAF3 showed resistance to dexamethasone treatment [82] . Treatment of cells with dexamethasone induces expression of IkBα, which inhibits the classical pathway, and cIAP, which might block activity of the alternative NF-kB pathway. However, abnormalities of TRAF2, TRAF3 or cIAP1/2, might minimize the effect of increased cIAP1/2 and decrease the effectiveness of dexamethasone. Hence, dexamethasone treatment for patients that have mutations in genes regulating the alternative NFkB pathway might not be favourable [79] .
RANK/RANKL/OPG signaling pathway
Osteolytic bone disease in MM results from increased osteoclastic activity, which is the consequence of overproduction of cytokines and chemokines that regulate osteoclast differentiation and activity. Receptor activator of NF-κB ligand (RANKL), its receptor RANK, and the endogenous soluble RANKL inhibitor, osteoprotegerin (OPG) regulate formation, function and survival of osteoclasts [83] . The interaction between RANKL and RANK/OPG plays a leading role in osteoclast activation and in plasma cell survival in MM [84] . Bone lesions and osteoporosis are common accompanying symptoms in MM. A phase III trial compared the human monoclonal antibody denosumab with zoledronic acid in patients with bone metastases and solid tumors or MM. Denosumab was superior to zoledronic acid for the prevention of skeletal-related events as primary end point [85] . A clinical phase I study tested the safety of AMGN-0007, a recombinant OPG construct, in MM and other cancer patients with bone lesions. A single subcutaneous dose of AMGN-0007 suppressed bone resorption in MM and breast carcinoma patients. Changes were comparable to those with pamidronate. AMGN-0007 was well tolerated [86] . The combination of intermediate doses of thalidomide with dexamethasone was effective in patients with refractory/relapsed MM and improved abnormal bone remodeling through the reduction of the sRANKL/OPG ratio. Soluble RANKL, OPG and osteopontin (OPN) were markers of bone resorption and formation and measured before and during treatment. Before treatment, patients had increased levels of sRANKL/OPG ratio, bone resorption markers and OPN, while they had suppressed bone formation. The administration of thalidomide and dexamethasone resulted in a significant reduction of sRANKL/OPG ratio, and bone resorption [87] . In another study, the stimulation of RANKL in RANK-expressing cells increased multidrug resistance protein 1 (MDR1), breast cancer resistance protein (BCRP), and lung resistance protein 1 (LRP1) expression and decreased Bim expression [88] .
Targeting the cell cycle
Cell cycle defects are common features in human cancer cells. These defects include unscheduled proliferation, genomic instability (GIN) e.g. increased DNA mutations and chromosomal instability (CIN) such as changes in chromosome number. GIN is the result of alterations in the DNA damage response pathways, causing cell cycle progression in the presence of DNA damage. Aneuploidy and other chromosomal alterations (CIN) are caused by mutations in proteins involved in chromosome separation during mitosis. Proper chromosome separation is controlled by the SAC pathway, which shows frequently mutations in human cancer cells. Additional proteins have also been implicated in CIN, including Plk1 and aurora kinase A/B, Nek2, Cdc20, Cdc25, cyclins A/B/E and Cdk1.
Cdk
Cyclin D deregulation is a key hallmark in MM. The synthesis of cyclin D is initiated during G1 and drives the G1/S phase transition. Therefore, Cdks represent attractive therapeutic targets in MM. In general, inhibition of the interphase Cdks induces a cell cycle arrest or quiescence. On the other side, inhibition of Cdk1 results in a cell cycle arrest followed by either apoptosis or mitotic slippage. Cdk1 is essential for different processes in the cell cycle and it is likely that a strong inhibition of Cdk1 induces toxicity in normal cells. Therefore, the use of Cdk inhibitors is limited. Inhibition of other Cdks, such as the transcriptional Cdks Cdk7/9 prevents the phosphorylation of the carboxy-terminal domain of RNA polymerase II, resulting in decreased transcription of anti-apoptotic proteins and cell cycle regulators. This leads to a decrease in cellular levels of these proteins and subsequently induction of apoptosis [89] . Several pan-Cdk inhibitors have been investigated in MM [90] . First generation pan-Cdk inhibitors are flavopiridol and seliciclib [91] . Flavopiridol targets several kinases including Cdk1, Cdk2, Cdk4, Cdk6 and Cdk7. Seliciclib is slightly more specific by targeting Cdk2, Cdk7 and Cdk9. Both compete with ATP for the binding site on Cdks and blocking the formation of the activated kinase complex [92] . Flavopiridol and seliciclib induce apoptosis in MM cell lines. Studies with combination revealed that flavopiridol demonstrated synergistically enhancement with Bcl-2 antagonists, BTZ and TRAIL, while seliciclib was able to potentiate the anti-myeloma activity of doxorubicin and BTZ [93] [94] [95] [96] . Another phase I/II trial tested the inhibitor palbociclib (PD-0332991) in sequential combination with BTZ and dexamethasone in relapsed/ refractory multiple myeloma. BTZ was active at lower doses compared to other combination therapy studies and palbociclib was able to inhibit Cdk4/6 and the cell cycle initially in most patients [97] . Next generation pan-Cdk inhibitors are SNS-032, AT7519, dinaciclib, TG02, RGB-286638, LCQ195 and sangivamycin-like molecule 6 (SLM6). All these next generation pan-Cdk inhibitors inhibit both Cdk2 and Cdk9 and most of them inhibit Cdk1, Cdk5 and/or Cdk7. In addition, AT7519, RGB-286638 and LCQ195 also inhibit Cdk3, Cdk4 and/or Cdk6. Similar to flavopiridol and seliciclib, these pan-Cdk inhibitors induce cell death and reduce transcription efficiency in MM cells [91, 98] .
Microtubules
Microtubules are involved in the migration of the chromosomes during mitosis. Microtubules targeting agents (MTA) can be divided into two groups, the microtubule stabilizing agents that enhance the polymerization of microtubules and the destabilizing agents that inhibit polymerization of microtubules [99] . Inhibition with these drugs disrupts the normal microtubule dynamics and leads to an impaired formation of the spindle, chromosome alignment and SAC activation. They cause a cell cycle arrest, resulting either in cell death or in mitotic slippage [100] .
The most tested and widely used MTA in MM therapy is vincristine [101] . However, the use of vincristine in MM patients is frequently associated with the development of multidrug resistance, and vincristine should therefore be replaced. Other MTAs such as paclitaxel and vinblastine or newer drugs such as docetaxel and vinorelbine showed little or no anti-myeloma activity [102, 103] . Novel agents with microtubule-targeting activities are the isocourmarin derivate 185322 [104] , the 5HPP-33, CYT997 and PBOX-15 (pyrrol-1,5-benzoxazepine-15). Treatment with these agents results in M phase cell cycle arrest and induction of apoptosis in both established MM cell lines and primary cells [105] . The antihelmintic flubendazole inhibits microtubules by inhibited tubulin polymerization in vitro and in vivo by binding tubulin at a site distinct from vinblastine. Another advantage is that cells resistant to vinblastine because of overexpression of P-glycoprotein remained fully sensitive to flubendazole [106] . The substance KS99 inhibits the in vivo tumor growth of MM cells through the inhibition of BTK and tubulin [107] . STK405759 is another MTA with efficacy in resistant MM cells. The combination of STK405759 with BTZ, lenalidomide or dexamethasone demonstrated synergistic cytotoxic activity in mice [108] .
Kinesin motor proteins
Kinesin motor proteins are key regulators of the mitotic spindle. For example, Eg5 is involved in both centrosome separation and bipolar spindle formation. Its inhibition results in monopolar spindles and mitotic arrest [109] . Filanesib (ARRY-520), a kinesin motor protein inhibitor showed in vivo synergy with pomalidomide plus dexamethasone treatment [110] . A phase I/II study of filanesib alone and in combination with low-dose dexamethasone in relapsed/refractory MM showed a manageable safety profile and encouraging activity in heavily pre-treated patients [111] . Another phase I dose-escalation study of filanesib plus bortezomib and dexamethasone in patients with recurrent/refractory MM indicated durable activity [112] . The Eg5 inhibitor SB743921 induces cell death also via inhibition of the NF-κB signalling. The combination with BTZ induced death in bortezomib-resistant KMS20 cells [113] .
Aurora kinases
The family of Aurora kinases consists of three members, which are all involved in either mitosis (Aurora A and B kinase) or meiosis (Aurora C kinase). The inhibition of Aurora A and B kinase induces cell death [114] . Targeting Aurora A kinase induces mitotic spindle assembly defects, which result only in a transient arrest in mitosis. Aurora B kinase inhibition overrides the SAC causing polyploidy. Similarly to MTA, targeting aurora kinases result either in cell death or mitotic slippage causing tetraploid cells [115] . The Aurora A kinase inhibitor alisertib (MLN8237) is tested in a clinical trial phase I in combination with BTZ in patients with relapsed or refractory MM [116] . A phase II study tried to approve the efficacy of AT9283 in patients with relapsed or refractory MM [117] . p53 Activation of the tumor suppressor p53 results in cell cycle arrest and apoptosis. Therefore, therapeutic activation of p53 might be an attractive approach in MM [118] . Different mechanisms of p53 activation have been reported, such as reactivation by mouse double minute 2 homolog (MDM2) inhibition (e.g., Nutlin-3 and RITA) or restoring normal p53 function in p53-mutated cells (e.g., PRIMA-1 and MIRA-1) [119] . Until now, it is not possible to target TP53 deficiency with pharmacological agents. The attempt to activate another p53 family member, p73 with the drugs decitabine and melphalan did not work [120] . P53-related protein kinase (TP53RK) is an upstream kinase that mediates p53 activity. TP53RK knockdown inhibits p53 phosphorylation. The inhibition of TP53RK triggered MM cell apoptosis in vitro, suggesting that TP53RK could become a novel therapeutic [121] .
Targeting histone deacetylases
Genes are epigenetically silenced by chromatin condensation. Histones are highly alkaline proteins that package and order DNA into structural units called nucleosomes. They are the chief protein components of chromatin, acting as spools around which DNA winds. Acetylation removes the positive charge on the histones, thereby decreasing the interaction of the N termini of histones with the negatively charged phosphate groups of DNA. Therefore, the condensed chromatin is transformed into a more relaxed structure that is associated with greater levels of gene transcription. Histone acetylation affects the DNA and chromatin structure, resulting in transcriptional activation of silenced genes. This activation is mediated by the enzymes histone acetyl transferase (HAT) and histone deacetylase (HDAC) [122] . In MM, the inhibition of histone deacetylation leads to DNA damage and upregulation of proteins that promote apoptosis and cellcycle arrest. Inhibition of HDAC activity arrests the cell cycle and induces cell differentiation and cell death in MM cells. According to the four groups of histone proteins, HDACs are also divided into four classes. Inhibitors are available for class I and II HDACs. HDAC inhibition, by preserving or increasing histone acetylation, results in amplification of transcription factor activity [123] .
Panobinostat is a nonselective HDAC inhibitor (HDACi) that inhibits class I, II, and IV HDACs at very low concentrations. It was approved as the first HDACi by the Food and Drug Administration (FDA) in 2015 [124] . Vorinostat, an inhibitor of class I and II HDACs, induces MM cell death and reduces IL-6 production by bone marrow stromal cells. Vorinostat induces expression of p21 and p53 in MM cells, inhibits molecules with caspase inhibitory activity, inhibits proteasome activity, and induces cell death. In addition, vorinostat enhances the effectiveness of BTZ [125, 126] . The precise mechanisms causing this synergy are not completely understood. One of the mechanisms is the dual inhibition of the proteasomal and aggresomal protein degradation pathways. BTZ inhibits proteasome and causes accumulation of proteins that form an aggresome by a process dependent on the interaction of HDAC6 with tubulin and dynein complex. HDAC6 inhibition leads to increased hyper-acetylation of tubulin and upregulation of polyubiquitinated proteins, resulting in apoptosis. A phase I study of CKD-581, a pan-histone deacetylase inhibitor, in patients with lymphoma or multiple myeloma refractory to standard therapy revealed that CKD-581 exhibited dose-proportional pharmacokinetics and modest anti-tumor efficacy [127] .
DRUG RESISTANCE MECHANISMS IN MM
Resistance of cancer cells is a major obstacle in the treatment of MM. Multidrug-resistant cancer cells exhibit cross-resistance to a broad spectrum of structurally unrelated drugs. Drug resistance can be either intrinsic or acquired. Intrinsically drug-resistant cancer cells are insensitive to chemotherapy at the beginning of treatment. Tumor cells with acquired resistance are initially sensitive to particular chemotherapy regimens, but later they become non-responsive to the same or different anticancer drugs [128, 129] .
Role of ABC transporters for drug resistance
One of the reasons for drug resistance in MM patients is efflux transporters. P-glycoprotein (P-gp) is the best studied multidrug resistance protein. The multidrug resistance 1 (MDR1) gene encodes P-gp, which is the first known member of the ATP-binding cassette (ABC) transporter superfamily [130] . P-gp is extensively distributed and expressed in the intestinal epithelium, in liver cells, in the cells of the proximal tubule of the kidney, and in the capillary endothelial cells composing the blood-brain barrier. It acts as an efflux pump and provides cell protection against a plethora of xenobiotic and toxic substances. P-gp is a 170 kDa transmembrane glycoprotein [131] . Substrates enter P-gp either from the inner leaflet of the membrane or from an opening at the cytoplasmic side of the protein. The substrate is pumped out of the cell under consumption of ATP. ATP hydrolysis delivers the energy for extrusion of the substrate out of the cell [132, 133] . In response to many chemotherapeutic substances, P-gp is up-regulated. This up-regulation causes a decrease in the intracellular accumulation of chemotherapeutic drugs, limiting their therapeutic efficacy. P-gp plays a role in resistance towards many drug classes such as proteasome inhibitors, anthracyclines, alkylating agents and immunomodulatory drugs [27, [134] [135] [136] . Several studies demonstrated that MDR is not expressed in MM at diagnosis, but appears after treatment with these drugs [137, 138] . P-gp is a predictive marker for therapy response and can be measured by whole body scans using imaging technologies [139, 140] . Other members of transporter superfamily, which are important in drug resistance include multidrug resistance associated protein (MRP1), and breast cancer resistance protein (BCRP) [141, 142] . Another trial suggested that other transporters such as ABCC4 (multidrug resistance-associated protein 4) and SLC29A2 may also hinder patients to achieve complete remission [143] .
Single-nucleotide polymorphisms (SNPs) are associated with the development of malignant hematologic diseases. Different studies have been conducted to investigate correlations between distinct SNPs in ABC transporters and the risk for MM. The frequency of a distinct haplotype was significantly increased in Chinese MM patients compared with the control group [144] . A SNP variant in the ABCB1 gene was associated with a twofold higher risk for MM [145] . In contrast, another study did not find a correlation between P-gp activities or expression and MM subgroups [146] . Regarding BTZ-resistance, the putative role of the multidrug efflux transporter MDR1/P-glycoprotein expression has been investigated, however, its contribution to acquired BTZ-resistance remains unclear [147] . In contrast, acquired resistance to CFZ can be conferred by upregulation of Pgp [148] .
Role of autophagy for drug resistance
Beside degradation via the proteasome, autophagy constitutes an alternative pathway for degradation and recycling of intracellular proteins. Autophagy functions by autophagosomes which sequester cytosolic proteins, followed by fusion with lysosomes for degradation. Autophagy is known to play a role in cancer [149] due to the deregulation of PI3K/Akt/mTOR signaling pathway and can mediate tumor cell survival under stress conditions [150] . A role in BTZ resistance was observed when autophagy-inducer activating transcription factor 4 (ATF4) was upregulated upon proteasome inhibition in different cancer cell lines [151] . Experiments, combining proteasome and autophagy inhibition showed synergistic cell death and higher levels of cell death than monotherapy [152] . Several autophagy targeting drugs have been tested, such as chloroquine in hepatocellular carcinoma and low-grade glioma, as well as fananserin, ticlopidine or valproic acid against cutaneous T cell lymphoma [153] .
Role of MARCKS for drug resistance
The membrane protein myristoylated alanine-rich C-kinase substrate (MARCKS) is a protein that plays an important role in cell adhesion, spreading and invasion, and is thought to play an important role in metastasis. MARCKS is activated via phosphorylation by PKCs and modulates cell growth, cell-cycle progression and apoptosis. Association of PKC with drug resistance has been observed in different cancers including MM [154, 155] . Nevertheless, diverse signaling effects of PKCs along with their large number of isoforms have made the development of drugs targeting these enzymes difficult. In an in vitro experiment, inhibition of MARCKS phosphorylation by enzastaurin significantly enhanced the sensitivity of resistant HMCLs and primary MM samples to bortezomib and to other anti-myeloma drugs [156] .
Role of stem cells for drug resistance
MM is characterized by cancer stem cell-like cells (CSCs) that exhibit pronounced self-renewal and differentiation capacities, as well as pronounced drug resistance [157] . The MM CSCs receive both tumor cell-autonomous signals and signals from a variety of bystander cells in the tumor microenvironment (TME). Collectively, these signals trigger the self-renewal and survival of CSCs and the acquisition of drug resistance [158] . Until now, the existence of MM stem cells in multiple myeloma and the mechanisms of drug resistance are -despite a number of cited reports -disputed due to the lack of real markers for putative MM stem cells. Cellular markers significantly associated with a high rate of metastasis or recurrence such as side populations (SP) and ALDH1 positivity have been used to identify MM CSCs. Despite numerous attempts, the mechanisms of drug resistance remain unclear. Major pathways included are the Wingless (Wnt) pathway, the Hedgehog (Hh) pathway, Notch pathway, PI3K/Akt/mTOR and NF-κB pathway [70, 159] . MM CSCs are further characterized by high drug efflux capacity, which is a common feature of stem cells. Moreover, the microRNA profile of MM CSCs is remarkably different from that of non-MM CSCs. Therefore, attempts are made to target MM CSCs microRNAs [160] [161] [162] .
High expression of retinoic acid receptor α2 (RARα2) also resulted drug resistance [163] . The expression of anti-apoptotic Bcl-2 family members in MM CSCs increased RARα2 expression and drug resistance. Cellular quiescence is a property of hematopoietic stem cells and plays a crucial role in protecting stem cells [164] . Similar to normal stem cells, CSCs have slow cycling rates and are relatively quiescent. This property protects CSCs against chemotherapeutic agents that are most effective in dividing cells [165] . This property has been considered as a major mechanism of drug resistance.
Role of microenvironment
The microenvironment of MM is comprised of extracellular matrix components including collagens, laminin and fibronectin and cellular parts including bone marrow stem cells (BMSCs), osteoblasts, osteoclasts and others [166] . BMSCs secrete factors including IL-6, insulin-like growth factor 1 (IGF-1), RANKL, TNF-α, vascular endothelial growth factor (VEGF), and stromal cell-derived factor 1 α(SDF1) [167, 168] [ Figure 1 ]. Crosstalk between canonical and non-canonical signaling pathways in MM cells and microenvironment may be responsible for the regulation of growth and survival of MM CSCs. Another form of de novo resistance is environment-mediated drug resistance (EMDR), in which the bone marrow microenvironment protects tumor cells from chemotherapy, radiotherapy or receptor-targeting drugs [169] . SDF-1 (CXCL12) is constitutively expressed and released by BMSCs and fibroblasts, while its receptor CXCR4 is expressed by MM cells. Activation of the SDF-1/CXCR4 axis promotes trans-endothelial migration, bone marrow homing, migration and adhesion of MM cells [170] . The MUC1 oncogene is known to confer tumor cells with resistance to apoptosis and necrosis. MUC1 expression was mediated by interleukin-6 and subsequent upregulation of the JAK-STAT pathway [171] . MM cells acquire dormancy and drug resistance via interaction with bone marrow stroma cells (BMSC) in a hypoxic microenvironment. The CD180/MD-1 complex, a noncanonical LPS receptor, is expressed on MM cells but not on normal cells. It is markedly upregulated under adherent and hypoxic conditions and activates MM cells [172] . Bruton's tyrosine kinase (BTK) is a non-receptor tyrosine kinase that has been mainly studied in hematopoietic cells. BTK maintains self-renewal and drugresistance of MM CSCs through AKT/WNT/β-catenin-dependent upregulation of key stemness genes. BTK high-expressing MM patients are associated with poor therapy outcome [173, 174] . Cell adhesion mediated drug resistance (CAM-DR) is a mechanism, whereby MM cells escape the cytotoxic effects of anti-cancer therapy via adhesive interactions with BMSCs. Cancer cell binding to fibronectin adhesion molecules causes the CAM-DR phenotype. The HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A)/GG-PP (geranylgeranyl pyrophosphate)/Rho/Rho-kinase pathway mediates CAM-DR. The activation of Rho signaling in MM is the main stimulator of the Wnt3 pathway, which stimulates the tumor cells and is responsible for CAM-DR. Thus, the Wnt3/Rho signal causes the cells to enter a primed state phase in which the cells bind to stromal cells through the β1-integrin and eventually causes drug resistance [175] . Amongst others, it is achieved through adhesion molecules of the integrin family and CD138 (syndecan-1) [176] . Exosomes, which are responsible for the systemic cell-to-cell communication and regulate cell behavior by transferring mRNA, miRNAs and proteins, seem to play a major role in MM. Exosomes from BM mesenchymal stromal cells of MM patients facilitate MM progression and spreading, whereas exosomes from healthy people inhibit MM cell OPG produced by bone marrow stromal cells and osteblasts inhibits osteoclasts. BAFF-receptor: human B-cell-activating factor receptor; Cdk: cycline dependent kinase; DKK1: Dickkopf-1; HDACi: histone deacetylase inhibitor; HGF: hepatocyte growth factor; IL-6: interleukin-6; IL-6R: IL-6 receptor; JAK: Janus kinase; IMiD: immunomodulatory imide drug; MTA: microtubules targeting agents; mTOR: mammalian target of rapamycin; NF-κB: nuclear factor-κB; OPG: osteoprotegerin; PI: proteasome inhibitor; RANKL: receptor activator of NF-kappaB ligand; STAT: signal transducer and activator of transcription; TNFα: tumor necrosis factor-alpha; VEGF: vascular endothelial growth factor; WNT: wingless pathway growth. Additionally, cancer patients possess higher amounts of exosomes, suggesting a future role as a biomarker [177, 178] . Cancer associated fibroblasts (CAFs), modify the BM stroma and influence chemotaxis, adhesion, proliferation, and apoptosis of MM cells through cell-to-cell contact [179] . Insulin-like growth factor-1 (IGF-1) is a MM cell growth factor produced by plasma cells and the BM microenvironment. The abnormal overexpression of this cytokine and its receptor (IGF-1R) is associated with progression, severity, and unfavorable prognosis disease in MM patients. IGF-1 signaling is increased through IGF-1 secretion. IGF-1R activation is associated with BTZ resistance [180] .
The inhibitor-of-apoptosis (IAP) family member, survivin, is one of the most significantly over-expressed genes in malignant cells. Survivin has been reported to inhibit apoptosis and regulate mitosis as well as cytokinesis. Studies indicate that survivin expression correlates with proliferation and poor overall survival of patients, as well as treatment failure [181, 182] . XIAP (inhibitor of apoptosis protein) expression appears elevated in many cancer cells often conferring resistance to chemotherapy-induced cell death [183] . It was observed that maintenance of high IAP expression and low Smac/DIABLO expression after treatment lead to the doxorubicin-resistance of multiple myeloma cells [184] . Analysis of survivin and XIAP levels in response to chemotherapy with melphalan/prednisone or VMCP, showed an upregulation of IAP proteins and a postchemotherapeutic induction of MDR1 overexpression in more than half of the patients. Indicating that the overexpression of MDR proteins mediating the intracellular protein transport might facilitate the transport of IAPs and introduce the hyper-function of these proteins in these MM patients [185] . Myeloid cell leukemia-1 (Mcl-1) is a Bcl-2 family member. It enhances cell survival by inhibition of apoptosis. Mcl-1 expression was identified as underlying mechanism for myeloid-derived suppressor cell (MDSC) survival. MDSC are contributing to an immunosuppressive environment by their ability to inhibit T cell activity and thereby promoting cancer progression [186] . In addition, the vascular endothelial growth factor (VEGF) -induced MM cell proliferation and survival are mediated via Mcl-1 [187] .
Role of tumor heterogeneity for drug resistance
Clonal heterogeneity is a hallmark of solid tumors and hematological malignancies, and presents a significant obstacle for successful therapy. This complex genetic and phenotypic mosaic is determined to a large extent by accumulation of chromosome abnormalities (e.g., breaks, exchanges, duplications, etc.) and alterations in mutational load throughout the dynamic evolution of a tumor. In patients with acute myeloid leukemia, the presence of different cytogenetically defined subclones in the same patient has been associated with adverse outcome. Treatment with BTZ completely overcame the negative prognosis of high-risk cytogenetic aberrations in patients without subclones, but not in patients with additional subclonal cytogenetic aberrations [188] . So far, MM has been assumed to be a cancer entity characterized by dissemination of "fitter" clones replacing prior, less fit subclones. In this regard, spatial heterogeneity is a perplexing observation, challenging this current model. The non-homogeneous distribution of high-risk disease could result in misclassification of MM. This could be an explanation for the lack of sensitivity of currently used risk classifiers [189] .
Role of genetics and genomics for drug resistance
Among the high-risk chromosomal abnormalities, the most potent ones are the deletions del(17p), t(4;14), and del(1p32) [190] . These deletions shorten progression free survival and overall survival. Other chromosomal changes do also impact survival, such as 1q gains,61 del(12p),30 or t(14;16) [191] . Secondary translocations and mutations acquired during disease progression include translocations targeting the MYC gene [192] , gain of function mutations in oncogenes such as NRAS, KRAS, BRAF and CCND1, loss of function of tumor suppressors, e.g. P53, RB1, DIS3, CDKN2A and CDKN2C [193] , and mutations in members of the NF-κB pathway [194] and STAT3 [195] . The constitutional genotype of the tumor also plays a role in determining patient outcome [196] . Mutations in CDKN2A, a stabilizer of p53 increase sensitivity to chemotherapy [197] . Basmaci et al. [198] analyzed TNFα, NOS3 and MDR1 genetic status in MM patients and controls. There was no difference in the genetic status of MDR1. However, some genotypes were more common in the MM group compared to healthy controls suggesting a role in MM [198] . A SNP-array based study revealed that genetic abnormalities are of major prognostic value, representing 75% of the overall survival prediction [199] . One example is the BRAF V600E mutation, which provides information on the sensitivity to vemurafenib [200] . PSMB5 mutations caused BTZ-resistance in in vitro experiments in different leukemic cells [201] . Interestingly, no mutations were detected in the 5-to 6-fold BTZ-resistant 8226/BR7 MM cells [202] , which supports the assumption that not only mutations of PSMB5 confer to resistance. Additionally there is a discrepancy between resistance mutations observed in lab conditions compared to clinical findings [203] .
Role of epigenetics for drug resistance
Mutations of histone-modifying enzymes and other epigenetic regulators have been reported in numerous cancers including MM. Changes in the chromatin structure enable the rapid and reversible regulation of gene expression and subsequent biological events, including drug responses, without a heritable genetic alteration. This process, called epigenetic regulation, is accomplished through post-translational modifications of histone tails and DNA methylation. Alterations in these modifications entail various pathological conditions. In general, HATs tend to be inactivated in cancer cells. In MM, overexpression of the miRNA-106b-25 cluster down-regulates the expression of PCAF (p300/CBP-associated factor), a histone acetyltransferase involved in transcriptional control of TP53 [204] . Recent investigations revealed that HDAC1, 2, 3 and 6 are highly expressed in MM cells and contribute to their malignant behavior [205] . Abnormal patterns of histone modifications are commonly observed in hematological malignancies. The MMSET-domain (multiple myeloma SET domain), potential oncogenic activity, is overexpressed in an aggressive form of MM carrying t(4;14), which is detected in 10%-15 % of all MM patients [129] .
A particular target of significant clinical interest is the bromodomain and extra-terminal (BET) family of proteins, which includes BRD2, BRD3, BRD4, and the testis-specific BRDT. Bromodomains (BRDs) are protein domains that possess a high affinity for binding to acetylation motifs, including acetylated histone proteins within chromatin. The BET family of proteins bind to acetylated chromatin and regulate gene transcription. While BET proteins bind to enhancer sites throughout the genome, they are preferentially found at enhancer sites of oncogenes [206] . DNA methylation studies in cancer have concluded that malignant cells, including MM, are in general characterized by global DNA hypomethylation and hypermethylation of tumor suppressor genes [207] . In MM, global DNA hypomethylation correlates with disease progression and poor prognosis [208] . In addition, promoter DNA demethylation has been linked to drug resistance in MM by regulating the expression of the ATP-binding cassette (ABC) solute transporters. In response to chemotherapy, the expression of the ABCG2 gene is induced via demethylation, leading to increased drug efflux in MM cell lines and primary cells [142] . On the other hand, DNA hypermethylation of known tumor suppressor genes is commonly involved in the regulation of cell cycle, DNA repair, apoptosis, and key signaling pathways in MM. miR-152, miR-10b-5p and miR-34c-3p have been defined as tumor suppressors, whose expression is impaired by DNA hypermethylation in MM. Induced expression of these microRNAs by DNA demethylating agents induces apoptosis, inhibits MM cell proliferation, and downregulates the expression of their putative oncogenic targets [209] . Furthermore, miR-155, miR-198, miR-135a, miR-200c, miR-663 and miR-483-5p are DNA hypermethylated in primary MM cells. Inhibiting DNA methylation using 5-azacytidine (AZA) reactivates microRNA expression. Importantly, ectopic expression of these microRNAs demonstrates anti-MM activities, thereby supporting their function as tumor suppressor microRNAs in MM [210] . Mutations in NSD1 and CREBBP genes are exclusively found in relapsed MM patients, suggesting that NSD1 may induces drug resistance [211, 212] . Further studies evaluating the whole-genome DNA methylation, in parallel to locus specific DNA methylation patterns and functional studies on the consequences of global and regional demethylation are required for a better understanding of the role of DNA methylation in MM pathogenesis.
TREATMENT OF REFRACTORY MM
Relapsed/refractory MM (RRMM) is defined as disease, which becomes non-responsive or progressive on therapy or within 60 days of the last treatment in patients, who had achieved a minimal response (MR) or better on prior therapy. While treatment is often indicated at relapse/progression of MM, a number of factors need to be considered before starting a therapy [213] . Relapsed MM has been defined based on objective laboratory and radiological criteria: ≥ 25% increase of the serum or urine monoclonal protein (M-protein) or ≥ 25% difference between involved and uninvolved serum free light chains from its nadir, respectively, or the development of new MM masses or hypercalcemia. In patients with non-secretory disease, relapse is defined as increase of the bone marrow plasma cells. In general, relapse of treatment has been defined as either the appearance or reappearance of one or more criteria or a rapid and consistent biochemical relapse [214] . The choice of therapy at relapse depends on a number of factors, including efficacy of and tolerance to previous therapy, number of previous treatments, time since relapse and aggressiveness, patient age and comorbidities [215] . Drug therapies at relapse frequently incorporate an immunomodulatory imide drug (IMiD), a class of immunomodulatory drugs that adjust immune responses containing an imide group like thalidomide, or a proteasome inhibitor in combination with dexamethasone [ Table 1 ]. Results from phase III trials show that IMiDs are associated with significant improvements in overall response rate (ORR) and overall survival (OS) if used in combination with dexamethasone compared with dexamethasone alone [216, 217] . Additionally, several studies have demonstrated increased efficacy, if different drug classes with distinct mechanisms of action are combined for the treatment of RRMM, and recent guidelines recommend combination therapies in this setting [218] .
Autologous stem cell transplantation
In autologous stem-cell transplantation (ASCT), stem cells are removed from a patient, stored, and reapplied later to that same person. The cells are stored in liquid nitrogen, until they are needed for the transplant. Then, the MM patient will be treated with high-dose chemotherapy or sometimes with radiation to efficiently kill the cancer cells. Afterwards, the stored stem cells are infused back into the patient's blood. The survival of MM patients has greatly improved by using ASCT [219] . Sometimes two autologous transplantations are recommended, 6 to 12 months apart from each other. This tandem transplant approach is more efficient than single transplants, but it also causes more side effects [220] .
Circulating plasma cells (CPCs) represent a risk factor for ASCT. CPCs have been detected in patients with MM at various stages of disease and have been associated with worse outcomes. The presence of CPCs at the time of autologous PBSC collection is a negative prognostic factor for risk of early relapse or death despite the advent of novel agents and maintenance strategies [221] . Circulating CD161-expressing cells, in addition to clinical risk factors, predict mucositis and infections in MM patients undergoing ASCT [222] . In 2017, the U.S. Food and Drug Administration (FDA) approved lenalidomide as maintenance therapy after ASCT for MM patients. The approval was based on evidence from two randomized, blinded trials of maintenance therapy with lenalidomide vs. placebo in MM patients, who underwent auto-HSCT along with a third trial on lenalidomide vs. no therapy. All trials demonstrated superior progression-free survival . Plerixafor, a hematopoietic stem cell mobilizer was combined with G-CSF and compared to placebo plus G-CSF in a clinical study to mobilize and collect CD34+ cells for autologous hematopoietic stem cell transplantation (HSCT). The addition of plerixafor to G-CSF for stem cell mobilization did not affect 5-year survival in patients with NHL or MM [224] . MM patients with a first relapse after prior ASCT benefit from a second ASCT as shown in a study comparing a second ASCT and lenalidomide maintenance therapy given at first relapse after prior ASCT with chemotherapy [225] .
Novel agents
The treatment landscape for patients with RRMM is rapidly changing following the recent approval of drugs belonging to novel classes of agents such as histone deacetylase inhibitors, and two monoclonal antibodies. Furthermore, the addition of the second-generation IMiDs lenalidomide and pomalidomide and the second-generation proteasome inhibitors provides additional within-class treatment options for patients with RRMM.
Reversal of multidrug resistance would be an urgently needed, albeit not novel treatment approach. In several clinical trials, the effect of non-toxic substrates of P-g has been investigated to overcome MDR [226, 227] . Valspodar (PSC833), an experimental cancer treatment and chemosensitizing drug is a derivative of cyclosporin D and was designed to prevent drug resistance to chemotherapeutics. A phase III study did not show any improvement by combining valspador with VAD (vincristine, vinblastine, doxorubicin and dexamethasone) [228] . The in vitro inhibition of miRNAs that correlated with melphalan sensitivity showed promising results in reversing melphalan resistance [229] . The new compound JNJ-26854165 induced cell death in an in vitro model through inhibition of cholesterol transport and degradation of the ABC-transporter ABCA1 [230] . Differentiation therapy represents another strategy to reduce the stemness of CSCs. Withaferine A and withanolide D, two natural compounds were tested in MM-CSCs. They inhibited growth at nanomolar level and induced G2 cell cycle arrest as well as apoptotic cell death. Additionally, a remarkable morphological change was observed in MM CSCs [231, 232] . In vitro trials with the telomerase inhibitor GRN163L demonstrated that resistant MM CSCs are susceptible to telomerase inhibition [233] . Ibrutinib, an oral covalent inhibitor of Bruton tyrosine kinase was tested in a phase II trial with patients suffering from RRMM. The drug regimen was either ibrutinib alone or in combination with dexamethasone. Response was observed in 51% of the patients treated with this combination regimen [234] . A large number of novel substances have been recently developed to target critical components in several epigenetic processes, particularly DNA methylation, histone acetylation and methylation. Some of these substances currently entered clinical practice [235] . Two small-molecule BETinhibitor compounds, JQ1 and I-BET762, demonstrated a repression of c-Myc expression [206] . In a phase I b trial, the compound OTX015 was safely administered to older patients [236] . CARM1 is an arginine methyltransferase with diverse histone and non-histone substrates implicated in the regulation of cellular processes including transcriptional co-activation and RNA processing. CARM1 overexpression has been reported in multiple cancer types and has been shown to modulate oncogenic pathways in in vitro studies. EZM2302 (GSK3359088) is an inhibitor of CARM1 with enzymatic activity in biochemical assays (IC50 = 6 nmol/L) and with broad selectivity against other histone methyltransferases. Treatment of MM cell lines with EZM2302 led to inhibition of PABP1 and SMB methylation and cell stasis with IC50 values in the nanomolar range. Oral dosing of EZM2302 demonstrated dose-dependent in vivo CARM1 inhibition and anti-tumor activity in an MM xenograft model [237] .
Novel drug combinations
The main aim of novel drug combinations is to overcome drug resistance. Cyclosporine A, a substrate of P-gp can be used to saturate P-gp in order to prevent efflux of active drugs. A study, which compared the combination of cyclosporine A with vincristine-doxorubicin-dexamethasone (VAD) with VAD alone, found no effect of cyclosporine A in the overall response rate and overall survival [238] . MM CSC-targeting therapies in combination with non-MM CSC therapies may offer a promising strategy for management of MM. A combination of 5-azacytidine and EPZ-6438 was used to treat IMiD-resistant cell lines. The combination re-sensitized resistant cells to both lenalidomide and pomalidomide. Simultaneous inhibition of DNA methyltransferases and EZH2 may lead to extensive epigenetic reprogramming, which allows MM cells to gain sensitivity to IMiDs [239] . The polycomb group (PcG) proteins BMI-1 of the polycomb repressive complex 1 (PRC1) possess oncogenic functions and are overexpressed in MM. PTC-209 exhibits synergistic and additive anti-MM activity, if combined with other epigenetic inhibitors targeting EZH2 and BET bromodomains [240] . Promising data have also been obtained with the proteasome-antibody combination, Elo-BTZ-dexamethasone. Elo-BTZ/d was evaluated in relapsed patients and achieved an ORR of 48% in the phase I trial [241] . A study observing the combination of daratumumab with BTZ/dexamethasone, BTZ/ melphalan/prednisone, BTZ/thalidomide/dexamethasone, or pomalidomide/dexamethasone resulted in promising response rates. Daratumumab did not have a negative impact on stem cell mobilization. Phase III studies of daratumumab are planned or ongoing [242] . The majority of MM cells overexpresses syndecan-1 (CD138). CD138 is a heparin sulphate proteoglycan that controls tumor cell survival, growth, adhesion and bone cell differentiation in MM. Since CD138 is a specific surface antigen for MM cells and plasma cells in the bone marrow, it has been used for the purification of MM cells from clinical samples and in the classification of MM cells in gene expression profiling analyses. In addition, the use of specific antibodies targeting CD138 is also considered as novel treatment strategy. Indatuximab ravtansine (BT062) is monoclonal antibody-linked cytotoxic agent that specifically targets CD138-expressing cells. In vivo mouse models confirmed the activity of indatuximab ravtansine in combination with lenalidomide and lenalidomide/dexamethasone [243] . In contrast, a decrease in CD138 expression has been observed during the course of clinical treatment in some patients. While high expression of CD138 is not consistently observed in MM cells, the significance of decreased CD138 expression in MM cells remains unclear and could be a problem for CD138-targeted treatment [244] . A combination of dexamethasone with SST0001, a chemically modified heparin blocked tumor growth in vivo by disruption of the heparanase/syndecan-1 axis [245] . Another in vivo study observed the effect of a combination therapy of anti-CD138-IFNα14 fusion protein and BTZ. It cured tumors in animals [246] .
Immunotherapy
An immunologic approach to MM offers promise for the treatment of this genetically heterogeneous disease, and patients with acquired drug resistance may particularly benefit from these therapies. MM is typically associated with severe immune dysfunction increasing both the risk of infections as well as other secondary malignancies. Malfunction of components of the innate and adoptive immune system in MM patients has been described [247] . In addition, MM cells specifically shield themselves from T cell responses by overexpressing protective molecules such as PD-L1, especially in the context of inflammation. Moreover, the pro-inflammatory cytokines IL-6 and IL-17 trigger MM cell growth and increase the number of immunosuppressive regulatory T cells (Tregs), resulting in a circulus vitiosus of immune paralysis and tumor progression [248] . Elotuzumab is a humanized IgG1 class monoclonal antibody targeting the cell surface protein signaling lymphocytic activation molecule F7 (syn. SLAMF7), a member of the immunoglobulin gene superfamily involved in immune cell activation. If evaluated in vitro, elotuzumab exerted its anti-MM activity primarily via antibody dependent cellular cytotoxicity (ADCC) [249] . Daratumumab (Darzalex, FDA approved since November 2015) reached a remarkable ORR of 36% including durable CRs beyond 1 year in a dose-escalating phase I trial. In a phase II trial focusing on dual (IMiDs and PI) refractory disease, single agent therapy with daratumumab still induced an objective response in 29% of patients including complete remissions [250] . A BAFF-receptor (human B-cell-activating factor receptor)-antibody induced potent ADCC against multiple subtypes of human lymphoma and leukemia [251] . Yang et al. [252] studied the use of an anti-ABCG2 monoclonal antibody in combination with paclitaxel nanoparticles in highly resistant MM cells. The combination led to a significant reduction in the tumor volume [252] . The human monoclonal antibody natalizumab was tested for the treatment of RRMM in a phase I/II trial [253] . Podar et al. [254] investigated its effect on MM cell proliferation. It inhibited VEGF secretion and angiogenesis and enhanced the anti-MM activity of BTZ and dexamethasone [254] . A number of IgG monoclonal antibodies specific to other MM surface targets are currently under investigation, either naked or with coupled immunotoxins. Some antibodies indeed showed objective responses in early clinical trials. However, if considering the ones with single agent activity (anti-CD40 lucatumumab, anti-CD138-immunotoxin indatuximab mavtansine, and anti-CD56-immunotoxin lorvotuzumab maytansine,) the response rates were limited to single cases, and dose-limiting toxicities made their further development as monotherapy unlikely [255] . The CS1 glycoprotein antigen could be potentially targeted with chimeric-antigen receptor (CAR) transduced T cells-with the goal to develop a clinical T cell therapy. CS1 is a glycoprotein expressed on the cell surface of nearly all MM cells. CARTS effectively redirected T cells to secrete cytokines, degranulate, and exhibit cytotoxic activity in response to MM cell lines and primary MM cells in vitro [256] . Another therapeutic strategy focuses on the activation of already existing tumor immunity, particularly on T cells. Blockage of PDL-1 as well as inhibition of PD1 on T cells leads to the activation of tumor-infiltrating T cells specific for a variety of individual tumor antigens. Initial studies were disappointing, as no objective responses were seen [257] . Ongoing studies attempt to increase the activity of the expanded natural killer (NK) cell product and increase NK cell survival in vivo. In preclinical models, CAR engineered NK cells specific to SLAMF7 have also shown anti-MM activity [258] .
Personalized treatment
MM is a biologically complex disease, with great heterogeneity in genetic aberrations as well as overall response and survival of patients. There is an extreme diversity of clinical manifestations ranging from more aggressive disease, characterized by disease resistance, to patients with relatively indolent disease, associated with longer survival. The aim of any risk stratification system is the optimization of therapeutic resources to improve depth and duration of response [259] . The Durie-Salmon Staging System (DSS) and the International Staging System (ISS) are the two most commonly used risk stratification models [260, 261] . Both systems are based on tumor burden. Although this parameter has significant clinical utility, it is not devoid of limitations. DSS is almost redundant today considering low specificity of its factors (e.g., hemoglobin and serum creatinine) and the use of older techniques such as radiological skeletal survey and less predictability. Although convenient to use, ISS requires additional information from cytogenetics/ fluorescence in situ hybridization (FISH) to make diagnosis more robust. By conventional techniques, cytogenetic abnormalities are detected in only 30%-40% of patients. This gross underestimation is the result of low mitotic index of malignant plasma cells, the telomeric locations of some of the chromosomal changes and the variable degree of bone marrow infiltration. With its ability to detect changes in interphase cells, FISH can overcome the problem of slowly or not proliferating cells and can be informative in almost all MM patients. The International Myeloma Working Group (IWMG) consensus has recommended a combination of ISS and FISH for risk stratification of MM patients. The European Myeloma Network strongly recommends testing for chromosome 1 abnormalities, as they have been shown to be correlated with a poor prognosis. More recent techniques such as high density comparative genomic hybridization, single-nucleotide polymorphism (SNP) arrays and gene expression profiling (GEP) are able to detect genomic aberrations in all MM patients. Comprehensive studies using microarray technology demonstrated associations of microRNAs with diagnosis, pathogenesis and prognosis of MM, indicating a potential role as novel biomarker [262] .
With a focus on personalized therapy, the mSMART guidelines (stratification for multiple and risk-adapted therapy) have stratified MM patients into three groups to optimize therapy with targeted novel drugs: high risk, intermediate risk and low risk patients. Treatment of high risk patients focuses on combining various aggressive modalities including multi-agent induction chemotherapy (3-or 4-drug combinations), HDT/ ASCT or even auto-allo tandem SCT, further consolidation and aggressive maintenance using 2-drug combinations including BTZ. Additionally, the use of newer proteasome inhibitors, second generation IMiDs and monoclonal antibodies should be considered as useful. In contrast, low risk patients with a better life expectancy are suitable for less toxic sequential therapy approach. On the other side, it is claimed that high dose multi drug-combination regimens (bortezomib, thalidomide, dexamethasone) will maximize patient survival without inducing any drug resistance [263] . The individualization of therapy does not end with initial induction and consolidation, but has to be incorporated into therapy of relapsed patients as well. Again, these novel agents alone may not confer the required treatment goals due to heterogeneity in tumor clones. Recurrent mutations can occur even late in the evolution of a tumor, thus necessitating combinations of molecularly targeted therapies with current approved treatment strategies.
The future of MM therapy should thus aim at integrated approaches to select optimized treatment strategies taking into account patient's clinical status, biochemical factors and targeting the genetic and/or epigenetic abnormalities present in individual MM tumors.
CONCLUSION
Overcoming drug resistance is one of the most important challenges in therapy of MM. Although most of the patients respond to the first treatment, their cancers become resistant with time. Genome-wide sequencing revealed a tremendous biological complexity of MM as characterized by a large intra-and interpatient clonal heterogeneity and reflected a patient-to-patient variation concerning overall survival and response to treatment [264] . Cells exhibiting the MDR phenotype can become responsive to chemotherapy by treatment with MDR-reversing agents. These agents come from a diverse group of drugs that includes several membrane active agents, calmodulin antagonists, calcium channel blockers, local anesthetics and cyclosporine [265] .
With the gain of knowledge on genetic and molecular changes in MM pathophysiology, many molecular targeted therapies including cell signaling targeted therapies are being developed for the treatment of relapsed o refractory MM. Additionally, the role of epigenetic aberrations such as DNA methylation, histone modifications and non-coding RNA expression in MM pathogenesis have steered MM management in new directions with the discovery of promising novel targets. Amongst these novel targeted therapies are inhibitors of histone deacetylase, Aurora kinase, PI3K/AKT/mTOR pathway, and cyclin-dependent kinase. MM microenvironment, cytokines, chemokines and growth factors forming the bone marrow milieu play a crucial role in growth, survival, adhesion, migration and apoptotic resistance of MM cells. Therapies targeting tumor microenvironment such as hypoxia, angiogenesis, integrins, CD44, C-X-C chemokine receptor type 4, and selectins are thus being explored in clinical studies. With the growing number of targets and newly developed drugs, it becomes a challenge to select the best treatment option for a patient. Therefore, guidelines for individualized treatment strategies will play an increasing role in therapy. The exploration of novel combination therapies based on genomic information with synergistic interactions to kill MM cells should be more in the focus of preclinical and clinical research to better cope with side effects and drug resistance phenomena and to exploit the full potential of individualized precision medicine.
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